Lactobionic acid is a high value added compound industrially produced through energy intensive chemical synthesis, which uses costly metal catalysts, like gold and platinum. In the next years, biotechnological production of lactobionic acid can be supposed to take the full transition to the manufacturing stage. Productivity of lactobionic acid by microbial production can be affected by various factors -choice of microorganism and its concentration, supply of oxygen, temperature, substrate, cultivation method, pH and aeration rate. The aim was to review research findings for lactobionic acid production as well innovative and efficient technology solutions for self-costs reducing. Whey was recommended as a cheap and suitable substrate for the lactobionic acid production. Whey processing has been advised with Pseudonomas teatrolens in 28 °C and in pH 6 to 7 for yielding the highest productivity. The increasing commercial importance urges the progression of schemes for lactobionic acid biotechnological manufacturing.
Introduction
Whey is renewable resource in food industry and contains a lot of milk sugar -lactose. Lactose takes an important role in nutrition. It is a unique disaccharide widespread in the mammalian milk (Gutiérrez, Hamoudi, & Belkacemi, 2011; Prazeres, Carvalho, & Rivas, 2012) . Application of lactose is limited, because of the intolerance problems of some population segments and due to its low sweetness and low solubility (Gutiérrez, Hamoudi, & Belkacemi, 2011) . In 1990, there was found out that more than 145·10 6 ton of whey was produced per year and containing approximately six million tons of lactose (Castillo, 1990) . The European Union produced approximately 40·10 6 tons per year of whey. Yearly residue of produced whey is approximately 13·10 6 tons, which contains approximately 619,250 tons of lactose (El-Tanboly, El-Hofi, & Khorshid, 2017). Nearly 9 L of whey is obtained from exactly one kilogram of manufactured cheese; whey is mainly used as animal feed (Onwulata & Huth 2008) . Whey has been used as carbon and nitrogen source in varied biotechnological operations (Prazeres, Carvalho, & Rivas, 2012) .
Lactobionic acid is a disaccharide formed from gluconic acid and galactose, produced by oxidation of lactose. This organic acid is a high value added compound. It is widely applied in medicine, pharmaceutical, food, chemical and in cosmetic industry, due to its excellent properties, like antioxidant, biocompatibility, nontoxicity, chelating, biodegradability and amphiphilic. Lactobionic acid unique properties together with the wide diapason of usage have also created it into a strategic high value added substance for the manufacture of new products (Alonso, Rendueles, & Diaz, 2013b ). This growing commercial significance has conducted the biotechnological production of lactobionic acid as a long lasting production alternative to the expensive and high intensive energy chemical production way (Alonso, Rendueles, & Diaz, 2011) . Pseudomonas taetrolens shows higher ability of conversion per unit of organic matter with no complicated nutrient requirements (Alonso, Rendueles, & Diaz, 2011), unlike lactobionic acid production from microorganisms such as Burkholderia cepacia or Zymomonas mobilis (Murakami et al., 2003; Malvessi et al., 2013) . The aim of this study was to review research findings for lactobionic acid production as well as innovative and efficient technology solutions for shelf costs reducing.
Materials and Methods
Monographic method has been used for this review. The review summarizes results of lactobionic acid production through a microbiological production pathway and the application of lactobionic acid in food industry. Literature from United States Patents and different scientific journals all around the world has been used in development of the review. It includes information from research conducted in Spain, Canada, United States, Germany, Portugal, Brazil and China.
Results and Discussion

Lactobionic acid application in the food industry
The food industry has great interest or attention to the use of lactobionic acid as a food additive in the last years as calcium carrier, acidifier agent, antioxidant etc. (Table 1 ). The dairy field has been currently involved in the implementation and development of new production methods inclusive lactobionic acid as one of the main compounds in new dairy gaining technologies (Merrill & Singh, 2011) .
In addition, this compound as a feed additive has been suggested for laying hens, promoting the (Merrill & Singh, 2011 ). An antioxidant mixture containing lactobionic acid has been invented for reducing lipid oxidation in products (Baldwin et al., 2004) . Recently for the first time has been reported that lactobionic acid in meat products works as an agent of water holding capacity. Lactobionic acid gives higher industrial yield of meat products due to decreasing of water losses through thawing or cooking processes (Nielsen, 2009 ). It does not have a specific colour, flavour or aroma, besides product has primarily antibacterial functions at small doses. Food and Drug Administration (FDA) has already approved the usage of calcium lactobionate as food additive, but the agreement by the European Food Safety Authority (EFSA) is still unsolved, because of the deficiency of the long term influence assessment of lactobionic acid on human health (Gutiérrez, Hamoudi, & Belkacemi, 2012) .
Advantages and disadvantages of lactobionic acid production methods
First time lactobionic acid was discovered via chemical synthesis by Fisher & Meyer in the year 1889 (Fisher & Meyer, 1889) , after synthesis with bromine. Lactobionic acid is currently produced from lactose in energy intensive way via chemical synthesis for industrial purposes (Kuusisto et al., 2007) . The selective conversion of lactose to lactobionic acid consists of the glucose aldehyde group oxidation at the lactose molecule to the carboxylic group (Nakano et al., 2010) .
Processes like enzymatic synthesis, biocatalytic oxidation, electrochemical oxidation and heterogeneous catalytic oxidation have been viewed for the lactobionic acid production. Enzymatic synthesis gives higher productivity and lactobionic acid yield than microbial production. Unfortunately, enzymes are quite unstable in production process (Nordkvist, Nielsen, & Villadsen, 2007) . However, the enzymatic synthesis can only be complied with refined lactose (Pleissner et al., 2017) . The biocatalytic production of lactobionic acid is based on the oxidation of lactose by using microorganisms as biocatalysts or by specific enzymes. The main reaction mechanism involves the modelling as an intermediate product of lactobionic-δ-lactone, which is further hydrolysed to lactobionic acid (Nakano et al., 2010) . Through chemical synthesis lactobionic acid can be also produced by lactose oxidation with bromine or by electrocatalytic oxidation with platinum or gold electrodes in alkaline medium (Pleissner et al., 2017) . Gutiérrez et al. (Gutiérrez, Hamoudi, & Belkacemi, 2011) reported that high yield of lactobionic acid (more than 90%) can be gained via electrocatalytic oxidation. Gold electrodes are the most suitable catalysts for the oxidation of sugars. The main compound of the electrochemical oxidation of lactose is the lactone, which is further hydrolysed to lactobionic acid. First successfully implemented lactobionic acid production example by heterogeneous catalytic oxidation of lactose via palladium and bismuth-palladium catalysts was reached in 1990 (Hendriks, Kuster, & Marin, 1990) .
Nowadays, lactobionic acid is manufactured via chemical synthesis, which is energy intensive and (Stodola & Lockwood, 1947) . Bioproduction in microbial synthesis from food residue like whey gives an environmentally and sustainably substantiated alternative for lactobionic acid production, unlike it is from chemically synthesis processes. Using whey as cheap source opens a possibility for cost effective lactobionic acid production in microbial synthesis pathway (Alonso, Rendueles, & Diaz, 2011).
Lactobionic acid production in microbial synthesis
Pseudomonas species produce lactobionic acid through the lactose oxidation pathway (Alonso, Rendueles, & Diaz, 2012a). Pseudomonas spp. dehydrogenase catalyses lactose oxidation to a lactobiono-δ-lactone using flavin adenine dinucleotide (FAD) as a system of electron transfer. The lactone is hydrolysed by lactonase into lactobionic acid. The procedure is usually managed out at pH of 6 and at 25 to 50 °C temperature. At the end of lactose oxidation, the result can be lactobionic acid or its salts. If lactobionate salts are obtained, the mixture is overpassed via purification methods to get pure lactobionic acid . Among above mentioned microorganisms, only Pseudomonas taetrolens has recently been studied for lactobionic acid production at lactose oxidation pathway. Unfortunately, Pseudomonas aeruginosa and Burkholderia cepacia have pathogenicity that makes them unsuitable for the use in food products and delays any further production on industrial scale (Pleissner et al., 2017) . Pseudomonas taetrolens is suitable for producing compounds which could be used in food products. It is usually found in spoiled products as natural compounds (West, 2004) .
Obtaining lactobionic acid from lactose by using Filamentous fungi, gives only 50% yield after 120 h production process, which proposes that it is residual lactose oxidase activity in Filamentous fungi (Pedruzzi, Borges de Silva, & Rodrigues, 2011; Malvessi et al., 2013) However, the capability of lactose oxidation has been also discovered in red algae, which are able to oxidize various carbohydrates at approximately pH of 5 (Alonso, Rendueles, & Diaz, 2011; Murakami et al., 2003) . Lactose oxidation by using Acetobacter orientalis gives 97 till 99% yield using resting cell position in rich nutritive substrate (Kiryu et al., 2012) .
As stated of economic feasibility, the productivity of organic acids by microbial production demands to be more than 1 g L -1 h -1 and at the end product concentration needs to be more than 50 g L -1 (Yang et al., 2007) . The titre obtained through any of biotechnological methods from an industrial point of view must contain at least 50 to 100 g per L to reach product concentration which is comparable to the amount obtained in the chemical synthesis (Pollard & Woodley, 2007) . Although the majority of the methods summarized in Table 2 confirms above mentioned criteria, most of these methods could not be performed on a commercial range due to the reason that high production amounts were reached by using resting cell, which are not generally used in the manufacturing (Alonso, Rendueles, & Diaz, 2017).
The process temperature plays the import role to lactobionic acid production. Providing the process temperature at 28 °C was able to reach higher cell density and at the same time promoted lactose conversion process to lactobionic acid. The high yield up to 98% and the specific productivity (1.73 g g -1 per h) was reached in lactobionic acid production from whey and results confirmed the significance of this strategy for lactose bioconversion by Pseudomonas taetrolens in dairy industry (Alonso, Rendueles, & Diaz, 2017). The effect of different whey concentrations was also explored, recording that the production of lactobionic acid increased with increasing of whey concentration (Miyamoto, Ooi, & Kinoshita, 2000) .
The adverse effect of an over-supply of oxygen and the operational pH, has been identified as the main bioprocessing factor, affecting bioproduction. The usage of large aeration rate was disadvantageous production of lactobionic acid although the cell growth was accelerated by increasing the rate of aeration (Alonso, Rendueles, & Diaz, 2012a). Also, biomass concentration affects productivity of lactobionic acid, if at the beginning the biomass concentration is higher, the productivity of lactobionic acid is higher, too. Pseudomonas taetrolens showed the reduced cellular distribution at pH less than 6 and a further delay of the lactobionic acid production. By pH values over 7 Pseudomonas taetrolens behaviour and Microbial production methods for production of lactobionic acid are in turn related with complicated and expensive purification processing stages in comparison to enzymatic methods. From the industrial point of view, microbial methods show strong challenges, which may delay the process progression schedule (Alonso, Rendueles, & Diaz, 2017).
Purification methods
The first try to purify lactobionic acid in the end of microbial production was a reactive extraction method with ethanol (Lockwood & Stodola, 1947) . Recovery process depends primarily on the form of the matrix occupied for obtaining lactobionic acid, metabolites and composition of media.
Lactobionic acid recovery after biobased production could be completed by accepted techniques including extraction, adsorption or precipitation using ion-exchange resins ( 
Conclusions
This study has showed the preference of whey as a cheap substance for biobased production of lactobionic acid by Pseudomonas taetrolens on an industrial scale. The high level titre was obtained with a high lactobionic acid yield through microbiological synthesis.
Production of lactobionic acid through microbial synthesis may overcome the major lack, such as complicated and time wasted upstream stages. Lactobionic acid purification after cultivation stage will certainly be the target of intense future research. Overall, combined cultivation and purification processes may improve productivity and produce a pure product, thereby further making purification process easier.
